Introduction
Centrioles are cylindrical structures composed of nine triplet microtubule 'blades' organized around a central cartwheel ( Figure 1 ). In animal cells, centrioles can recruit microtubulenucleating factors, called the pericentriolar material (PCM), to form a larger structure named the centrosome, which serves as the main microtubule-organizing center during both interphase and mitosis. Centrioles can also move to the cell surface and nucleate the formation of cilia and flagella: in this context, centrioles are called basal bodies ( Figure 2 ). In recent years, genetic and functional genomic screens have identified genes essential for centriole assembly [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . At the same time, proteomic analyses have identified a large list of centriole proteins, including several disease proteins, many of which remain to be further characterized [12] [13] [14] [15] . Reflecting the fact that centrioles found in divergent eukaryotes are likely to derive from a common ancestral structure ( Figure 3) , and that the ultrastructural steps of centriole assembly appear to be largely conserved [16] [17] [18] [19] [20] , many of the proteins identified in these studies are only conserved in species that assemble centrioles [13, 21, 22] . In addition to this conserved core of centriolar components, proteomic studies have identified a range of centriolar proteins that are unique to subsets of organisms. These differences likely reflect the different contexts in which centrioles are found, involving a variety of appendages, connecting fibers, or pericentriolar material, as well as differences in the regulation of centriole assembly ( Figure 2 ). While great progress has been made during the past decade in understanding the molecular composition of centrioles, less is known about the assembly mechanisms that build a centriole from this large 'parts list'. In this review, we will discuss recent work that has provided insight into the molecular mechanisms underlying the assembly of centrioles, focusing in particular on the establishment of ninefold symmetry, the control of centriole length, and the maturation of centrioles.
Centriole Functions
It seems likely that centrioles have evolved for the primary purpose of growing cilia and flagella, which are important sensory and motile organelles found in almost all cells of the human body [23] . The ciliary microtubule doublets are continuous with the A-and B-tubules from centriole microtubule triplets (Figures 1 and 2 ) [24] . Proteins involved in the assembly of cilia are recruited to centrioles [25] , and defects in several genes encoding centriolar proteins lead to ciliary disease phenotypes.
Despite the presence of centrioles at the mitotic spindle poles, centrioles are in many cases dispensable for mitosis, even in species that normally contain them [26] . Cell-cycle progression and cytokinesis can be defective when centrioles are missing [27] [28] [29] , but this could be due to indirect effects. For example, G1 arrest in mammalian cells following centriole ablation results from an increase in stress sensitivity rather than an absolute requirement for centrioles during cell-cycle progression [30] .
While centrioles are dispensable for spindle assembly, they are more important for spindle positioning. When centrioles are experimentally ablated, spindles drift within the cell [28] . In vertebrates, centriole position appears to respond to planar cell polarity cues [31] , consistent with the localization of some planar cell polarity proteins at centrioles [32] . Proper spindle positioning by centrioles is thought to be necessary for proper tissue development, because defects in spindle orientation caused by mutations in centriole-associated genes can lead to nephronophthisis, a cystic kidney disease associated with abnormally wide ducts [33] .
An interesting possibility is that the centriole-positioning pathway may be specific for the mother centriole, which is the oldest centriole of the two in a G1 centrosome (Figure 1 ) and the only fully mature centriole (i.e. with the ability to act as a basal body) in a typical vertebrate cell. This is suggested by analysis of dividing stem cells in the Drosophila male germ line, in which the mitotic spindle is always oriented such that the older centriole is anchored on the side of the cell adjacent to the stem-cell niche [34] . Similar bias in mother centriole position is seen in radial glial progenitor cells in the mouse [35] . Remarkably, following depletion of ninein, a protein required for stable anchoring of microtubules at mother centrioles, this asymmetry in mothercentriole segregation is lost, eventually leading to premature depletion of the stem-cell pool [35, 36] . In Chlamydomonas mutants defective in mother-daughter cohesion, mother centrioles move to their correct position while daughter centrioles do not, suggesting the mother centriole is uniquely responsive to the positioning pathway [37] .
Initiation of Centriole Assembly
Regulation of Centriole Initiation Initiation of centriole duplication is under tight regulation to ensure the control of centriole number (for more extensive coverage of this topic, see [38] [39] [40] ). In mammalian cells, a single procentriole starts forming perpendicular to the wall of each parental centriole around the G1/S transition. Once the assembly of the two new procentrioles has been initiated, further centriole duplication is inhibited until the cells pass through mitosis [41] . The release of the tight association of procentrioles with the parental centrioles, termed disengagement, occurs in late mitosis in animal cells. Disengagement involves the protease separase and Polo-like kinase 1 (Plk1) and is a prerequisite for the next round of centriole duplication [42, 43] . When centrioles are absent, new centrioles can form de novo, suggesting the role of preexisting centrioles is not actually to template the procentrioles as long proposed, but rather to bias the spatial location where the procentrioles self-assemble [44] [45] [46] [47] . When too many centrioles are present, cells can inhibit the synthesis of new centrioles, a mechanism that allows for correction of errors in centriole number [48] .
The key regulator of centriole assembly is a kinase called Polo-like kinase 4 (Plk4) or SAK in Drosophila. Inhibiting Plk4 prevents centriole duplication in both human cells and flies [49, 50] . Conversely, overexpression of Plk4 and SAK can trigger the assembly of supernumerary centrioles [46, 47, 49, 50] . Interestingly, Plk4 orthologs are not found outside the Fungi/Metazoa group (Figure 3) , which suggests that centriole duplication is triggered by different mechanisms in other eukaryotes, possibly involving other Pololike kinases [22] . Also, no Plk4 ortholog is found in Caenorhabditis elegans, in which centriole duplication is instead triggered by a non-orthologous kinase called ZYG-1 [22, 51] . ZYG-1 controls the recruitment of the centriole structural component SAS-6, which is a substrate for ZYG-1 [52] [53] [54] . The recruitment of ZYG-1 itself requires SPD-2, a component of the PCM essential for centriole duplication in C. elegans embryos [7, 8, 52, 53] . Interestingly, SPD-2 family members are only found in the genomes of Unikonts, a branch of the eukaryotic tree comprising the Fungi/Metazoa group as well as Amoebozoa, such as the model organism Dictyostelium discoideum (Figure 3 ) [21, 22, 55] . Studies of SPD-2 orthologs in human and flies suggest that the primary function of SPD-2 and related proteins is to recruit PCM around the centrioles [56] [57] [58] . A SPD-2 ortholog is also found in the matrix associated with the Dictyostelium nuclear-associated body, a very distinctive structure that forms the core of the Dictyostelium centrosome [55] . In addition to its role in PCM recruitment, the human ortholog of SPD-2, called Cep192, is essential for centriole duplication, whereas its Drosophila ortholog appears dispensable for this process [57, 58] . It is, however, possible that Cep192 affects centriole duplication indirectly through its ability to recruit PCM and microtubule-nucleating factors, as the PCM is known to play a role in centriole duplication [59] . In contrast, Drosophila Asterless (Asl) and related proteins are PCM components that appear to be more specifically required for centriole assembly [60, 61] . In Drosophila, Asl localizes near the centriole wall in both proliferating cells and in testes and is required for centriole duplication in both cases [60, 61] . Cep152, the vertebrate ortholog of Asl, is a component of the PCM in proliferating human cells [12] . Interestingly, zebrafish Cep152 was also found to be required for basal body assembly in multiciliated cells [61] . In these cells, up to several hundreds of basal bodies assemble at the same time around structures of unknown composition called deuterosomes as the cells undergo differentiation [62, 63] . The defect observed in Cep152-depleted zebrafish supports the idea that the initiation of basal body assembly in multiciliated cells relies at least in part on the same mechanisms as centriole duplication in proliferating cells.
Establishment of the Ninefold Symmetry
Initiation of centriole assembly and establishment of the ninefold symmetry require a structure called the cartwheel (Figures 1 and 4) . The cartwheel is located at the proximal end of basal bodies in a wide range of species. In vertebrate centrosomes, a cartwheel structure is present at the base of procentrioles but is no longer seen in daughter and mother centrioles [64, 65] . The structure of the cartwheel has been best described in unicellular organisms. It is formed by a central hub from which emanate nine evenly spaced spokes, terminated by a pinhead structure to which microtubule triplets attach (Figure 1 ). In Chlamydomonas, the cartwheel is assembled prior to the addition of microtubules at the tip of each spoke [18] . Two components of the cartwheel have been described in this species. CrSAS-6/Bld12p, the homolog of C. elegans SAS-6, has been proposed to be part of the inner spokes or the hub of the cartwheel [66] . Bld10p, which also belongs to a conserved protein family, has been shown to form the outer spoke and the pinhead structure [67] . Recent studies of mutants defective for these genes have provided important clues on how the cartwheel assembles and sets centriole radial symmetry. When Chlamydomonas BLD12 is deleted, most cells lack a proper centriolar structure but approximately 20% of cells assemble defective centrioles that sometimes contain an abnormal number of triplets -7, 8 or 10 -or have missing triplets. Strikingly, the hub is missing in bld12 mutant centrioles [66] . Similarly, depletion of SAS-6 by RNA interference (RNAi) in Paramecium results in the formation of centrioles with altered numbers of triplets that retain the cartwheel spokes but are lacking the central hub [68] . A Drosophila SAS-6 null mutant is also found to have a significant reduction in the number of centrioles and forms centrioles with structural defects, for example, missing triplets [69] . As in Chlamydomonas, the Paramecium and Drosophila SAS-6 orthologs localize to the central hub of the cartwheel Centrioles are microtubule arrays composed of nine triplets of microtubules organized around a cartwheel structure. The triplets are connected to the cartwheel through the A-tubule, the first to assemble during centriole assembly and the only complete microtubule in a triplet. The B-and C-tubules are incomplete microtubules. In vertebrates and in Chlamydomonas, the C-tubule is shorter than the A-and B-tubules and the distal end of the centriole is thus formed by doublet microtubules [112, 129] . The cartwheel is formed by a central hub from which emanate spokes terminated by a pinhead structure that binds the A-tubule of the microtubule triplet. The very distal end of the centriole is decorated by ninefold symmetric distal appendages (or transition fibers) required for anchoring the centrioles at the plasma membrane when they act as basal bodies. [68, 70] . Together these results support the hypothesis that proteins of the SAS-6 family are required to build the central hub, and that the hub plays a role in establishing the ninefold symmetry [39, 66, 69] .
HsSAS-6, the human homolog of SAS-6, is also essential for the initial steps of centriole assembly but, unlike its homologs in other species that remain associated with mature centrioles, is no longer found associated with daughter and mother centrioles [71, 72] . Loss of HsSAS-6 from the procentrioles correlates with its degradation by the 26S proteasome at the end of mitosis, and possibly also with the loss of the cartwheel structure that occurs as procentrioles become daughter centrioles ( Figure 4 ) [64, 65, 71] . In contrast, SAS-6 staining is retained at the proximal end of basal bodies from rat tracheal multiciliated cells, suggesting that the cartwheel may not disassemble in this case. Intriguingly, SAS-6 also localizes to the proximal region of ciliary axonemes in these cells, revealing a possible involvement in ciliary assembly or function [73] .
In C. elegans, where SAS-6 was first identified, short centrioles composed of nine singlet rather than nine triplet microtubules are formed, and no recognizable cartwheel structure is observed. Microtubule singlets are instead seen to assemble around a structure that appears as a hollow cylinder by electron microscopy. The assembly of this structure, called the central tube, requires SAS-6 [53] . Though different at the ultrastructural level, the central tube and the cartwheel thus share at least one component and are likely to be similarly required for establishing the ninefold symmetry of centrioles.
Recruitment of SAS-6 within procentrioles in C. elegans requires SAS-5, a protein that physically interacts with SAS-6 and, like SAS-6, is essential for centriole duplication in this species [10, 74] . Recently, a protein called Ana2 was shown to be the likely ortholog of SAS-5 in Drosophila [75] . Although poorly conserved at the amino acid level, Ana2 interacts with DSAS-6 and, like its C. elegans counterpart, is essential for centriole duplication [75] [76] [77] . Interestingly, the human ortholog of Ana2, called STIL or SIL, has been shown to be essential for proper mitotic spindle assembly and has been linked to microcephaly, reminiscent of the centriole duplication factor CPAP, the human ortholog of C. elegans SAS-4 (discussed further below) [75, [78] [79] [80] . Analysis of the dynamic properties of SAS-5 in C. elegans, however, suggested that, rather than being a structural component of the centrioles, SAS-5 may be required for the recruitment of SAS-6 at procentriole assembly sites [10, 74] .
In addition to SAS-6-related proteins, the assembly of the cartwheel also depends on the conserved Bld10p/Cep135 family of proteins. Bld10p was originally identified as the product of a gene mutated in a Chlamydomonas strain that completely lacks basal bodies and was shown to be a component of the cartwheel spokes [9] . When the Chlamydomonas bld10 mutant is complemented by a truncated version of Bld10p, centrioles with eight triplets are often observed. These centrioles assemble around a cartwheel with shorter spokes, which seemingly leads to the formation of a centriole of smaller diameter that can only accommodate eight triplets. The cartwheel still forms nine spokes, one of which is not linked to a triplet [67] . Thus, if the central hub plays a critical role in attaining the correct ultrastructure by patterning centriole radial symmetry, the radial spokes, the length of which depends on Bld10p, do so by specifying centriole diameter. The centrosome is formed by one mature centriole, the mother centriole (MC), and one non-mature centriole, the daughter centriole (DC), linked together and surrounded by a protein matrix called the pericentriolar material (PCM). In vertebrates, the mother centriole is decorated by two sets of ninefold symmetrical appendages: the distal and sub-distal appendages required for ciliogenesis and for the stable anchoring of microtubules at the centrosome, respectively. The distal appendages are conserved throughout eukaryotes, whereas the sub-distal appendages are found only in animal centrosomes. (B) In animals as well as in most other eukaryotes, centrioles are also required for the assembly of cilia/flagella. Centrioles, often referred to as basal bodies in this case, dock to the plasma membrane through their distal appendages and template the assembly of the nine outer microtubule doublets of the axoneme, the cytoskeletal core of cilia/flagella. A distinct structure called the transition zone separates the basal body from the axoneme. Shown are electron micrographs of (A) a human centrosome [130] and (B) the Chlamydomonas flagellar apparatus [24] .
Cep135, the human ortholog of Bld10p, also localizes to the cartwheel and is essential for centriole assembly [72, 81] . In contrast, Bld10/Cep135 function is apparently dispensable for the initiation of centriole assembly in Drosophila, as centrioles duplicate normally in mutant flies lacking the Bld10/Cep135 homolog [82, 83] . Depletion of Drosophila Bld10 by RNAi in S2 cells leads to a partial inhibition of centriole duplication, however, suggesting Bld10 could be required in some conditions [77] . Ultrastructural analysis reveals that sperm axonemes in bld10 mutant flies contain nine outer doublet microtubules, which shows that the centrioles from which they are assembled have a proper ninefold symmetry [83] . However, sperm centrioles are shorter in these mutants than in wild-type flies and most of the flagella lack the central pair of microtubules, leading to male sterility [22, 82, 83] . Whether the cartwheels assembled in the bld10 mutant are normal is not known.
Steps preceding cartwheel formation remain poorly understood. In Chlamydomonas and Paramecium, the cartwheel assembles on an amorphous, disk-like structure [18] . In addition to serving as a site of cartwheel assembly, the amorphous disk could play a role in establishing the ninefold symmetry by controlling the diameter of the centrioles, and thus the number of microtubule triplets that they can accommodate. In the Chlamydomonas bld12 mutant, 70% of the basal bodies that retain a circular assembly of triplet microtubules exhibit ninefold symmetry, despite lacking the central hub of the cartwheel, suggesting additional mechanisms influence the radial symmetry of the centrioles [66] . In Paramecium, Bld10 depletion by RNAi leads to formation of centrioles that lack cartwheel spokes but retain the central hub, suggesting the hub is connected to the microtubule cylinder by another structure, most likely the amorphous disk [68] . Similar disk-like structures have not been described in animal cells: instead, procentrioles appear to be linked to the wall of the parental centrioles by a connecting stalk [65] .
Assembly of Centriole Microtubules
Assembly of centriole triplet microtubules seems to occur sequentially. Singlet microtubules, or A-tubules, first attach to the spokes of the cartwheel then doublets and triplets (incomplete B and C-tubules, respectively) assemble (Figures 1 and 4) [16, 18, 65] . Attachment of singlet microtubules is thought to require the conserved SAS-4 family of proteins, defined by C. elegans SAS-4 and required for centriole duplication in diverse organisms [5, 72, 84] . The likely homolog of SAS-4 in human cells is called CPAP. Though very divergent at the amino-acid level, CPAP is concentrated within the proximal lumen of the centrioles, where the cartwheel forms, and is required for centriole duplication, supporting the fact that it is the bona fide homolog of C. elegans SAS-4 [72, 85] . In C. elegans embryos, the central tube forms during S phase and elongates during prophase, and microtubules start to assemble around it during prometaphase. In embryos depleted of SAS-4, the central tube forms and elongates, but microtubules fail to attach [53] . Centriolar SAS-4 increases as S phase progresses, suggesting that SAS-4 interacts with the central tube and that the amount of centriolar SAS-4 increases as the central tube elongates. Interestingly, centriolar SAS-4 remains in dynamic exchange with the cytoplasmic pool until prophase/prometaphase, where it becomes stably associated with the centrioles [86] . This suggests that centriolar SAS-4 may be stabilized by the assembly of centriolar microtubules. This model is further supported by the observation that stabilization of centriolar SAS-4 requires g-tubulin, which is believed to nucleate centriole microtubules, as Fungi/metazoan group (opisthokonts) Figure 3 . Conservation of the centriole and axoneme. The centriole and the axoneme, i.e. the microtubule core of cilia and flagella, are conserved features of eukaryotes. These structures were probably present in the last eukaryotic common ancestor and are still found in most branches of the eukaryotic tree of life. Centrioles and axonemes were lost concomitantly during evolution of certain taxa, most notably angiosperms and higher fungi. Taxa in which all species have lost centrioles and axonemes are indicated by a red cross. Some taxa, such as amoebozoa, comprise species that form flagella (like Physarum) as well as species completely devoid of centrioles and axonemes (like Dictyostelium). The phylogenetic tree of life is adapted from the Tree of Life web project (http://tolweb.org/tree). The last eukaryotic common ancestor (inset) is schematically represented as a single-celled organism (the plasma membrane and the nucleus are in gray) bearing two motile flagella (in black). Schematic representations of cross-sections through the centriole and the axoneme are also shown.
well as b-tubulin. Moreover, g-tubulin is required for the accumulation of SAS-4 in the pericentriolar matrix, suggesting a possible interaction between these two proteins [86] . In human cells, CPAP has been shown to co-immunoprecipitate with g-tubulin [87] . g-tubulin function in centriole assembly also appears to be conserved, as g-tubulin is required for centriole duplication in a wide range of eukaryotes [72, [88] [89] [90] . g-tubulin function appears to be critical in the control of centriole assembly because the introduction of specific mutations in g-tubulin is sufficient to induce the assembly of extra centrioles in Tetrahymena [91] . A recent study utilizing cryo-electron microscopy provides important new insights into the mechanism of procentriole microtubule assembly in human centrosomes [65] . In nascent procentrioles, the proximal or minus end of the A-tubule is capped by a conical structure resembling the g-tubulin ring complex (g-TuRC), a structure known to nucleate microtubules in animal cells (Figure 4 ). This suggests that each A-tubule is nucleated by a g-TuRC and then grows unidirectionally from the proximal to the distal end. Supporting this hypothesis, the distal or plus end of the A-tubules from assembling procentrioles show outwardly curved extensions characteristic of growing microtubule extremities. In contrast, the incomplete B-and C-tubules are never capped at their proximal end, suggesting that their assembly is initiated by a different mechanism. The B-and C-tubules appear to start assembling at variable positions along the A-or B-tubules, respectively, and undergo bidirectional growth as suggested by the presence of curved extensions at both the proximal and distal ends of B-and C-tubules before they reach their final length. The proximal ends of the B-and C-tubules become blunt as they reach the proximal extremity of the A-tubule, suggesting that a mechanism of stabilization occurs at that time [65] .
Studies in Chlamydomonas and Paramecium revealed a role for tubulin family members d-and 3-tubulin in the formation or stabilization of the B-and C-tubules [1, 3, 92, 93] . In the Chlamydomonas bld2-1 mutant, which expresses a truncated form of 3-tubulin, doublet and triplet microtubules are missing [3] . In Chlamydomonas and Paramecium cells defective for d-tubulin, the C-tubule is often missing and most centrioles are composed of doublet microtubules Procentriole elongation continues after the transition into G2. Two mechanisms control centriole length at this stage: 1) a balance between the activities of CPAP, which promotes a/b-tubulin incorporation at the distal end, and the cap structure containing CP110 and Cep97; 2) an Ofd1-dependent mechanism. (F) After mitosis, the procentrioles become daughter centrioles. Tilted discs surrounded by electron-dense material are observed from this stage onwards in the distal part of the centriole. Markers like centrin and hPOC5 accumulate within the distal lumen as cell cycle progresses, which could reflect the progressive maturation of the centriole. HsSAS-6 is no longer associated with the proximal part of the daughter centrioles, possibly correlating with the disassembly of the central hub of the cartwheel. In contrast, the spokes could be conserved to some extent as Cep135 remains associated with mother and daughter centrioles. (G) After the second mitosis, centriole maturation is completed when the distal and sub-distal appendages assemble. The assembly of both types of appendage depends on ODF2, a maturation-specific marker recruited at the distal end of the daughter centriole during the previous G2 phase. Assembly of the distal appendages is also dependent on Ofd1, and possibly as well on the distal appendage component Cep164. Schematic representations of the centrosome during the successive steps of centriole assembly and maturation are shown in the lower parts of panels A-G, in which the assembling centrioles are highlighted (brown when only the cartwheel is present, yellow for later stages). [1, 92] . The requirement for d-tubulin in C-tubule formation can be bypassed by suppressor mutations in a-tubulin, suggesting that d-tubulin may be required for triplet stabilization rather than for C-tubule assembly [94] . Furthermore, genes encoding 3-and d-tubulins are absent from the Drosophila genome, despite the fact that centrioles containing triplet microtubules are formed in this species [95] . To date, there is still no mechanistic clue as to how the formation of the incomplete B-and C-tubules is achieved.
Centriole Elongation and Length Control Temporal Regulation of Centriole Elongation
At the stage at which B-and C-tubules start to assemble, procentrioles are short, with their length slightly exceeding the length of the cartwheel (about 70-100 nm; Figure 4 ) [16, 18, 59] . In subsequent stages of assembly, procentrioles undergo elongation to eventually reach the full length (400-500 nm in most species). Centriole length appears to be under active control, based not only on the limited variation of length observed in any given cell type but also on the fact that length undergoes dynamic changes at well-defined stages in the assembly process. In Chlamydomonas, for instance, procentrioles are assembled during mitosis and elongate during the following G2 phase [11] . In mammalian proliferating cells, procentrioles assembled at the G1/S transition or during early S phase start to elongate during S phase, and elongation proceeds further during G2 and mitosis [19, 20, 96] . Centriole elongation seems to be coupled to cell-cycle progression. In mammalian cells arrested in S phase by drugs that inhibit DNA replication, procentrioles elongate to reach approximately 70% of the full length, which corresponds to the length of late S-phase procentrioles in untreated cells, but do not elongate further, suggesting that completion of centriole elongation requires transition into G2 [59, 97, 98] . In addition, studies of a conserved centriolar component called hPOC5 suggest that procentriole elongation and cell-cycle progression are also coupled earlier during S phase [13, 98] . In human cells depleted of hPOC5, centriole elongation is inhibited, the procentrioles remaining about the length of early S-phase procentrioles. In addition, cell-cycle progression is impaired and the cells accumulate in S phase. It is not known whether these two events are linked or whether hPOC5 regulates centriole elongation and cell-cycle progression independently [98] .
Centriole elongation can also be restricted to certain cell types or certain developmental stages, like in Drosophila and in Apicomplexans [95, 99] . In these species, centriole elongation mostly occurs prior to the formation of cilia and flagella. In the Drosophila uncoordinated mutant (unc), centrioles fail to elongate in ciliated sensory neurons and in sperm, which leads to inhibition of ciliogenesis and, as a result, to impaired sensory functions and male sterility. Interestingly, the product of the unc gene, which localizes specifically to the basal bodies in these two cell types, does not have orthologs outside dipteran insects [100] , suggesting that centriole elongation in these organisms may rely on somewhat different molecular mechanisms.
Centriole Length Control
How do microtubule triplets elongate and what molecular mechanism determines their final size? In animal cells, incorporation of tubulin dimers into centriolar microtubules appears to occur beneath a distal cap containing the CP110 protein [72] . CP110 is conserved among animals and is essential for centriole duplication [22, 72, 101] . CP110, together with another centriolar protein called Cep97, has also been implicated in controlling the formation of primary cilia in mammalian cells. Depletion of these proteins in the ciliated RPE1 cell line increases the proportion of cells that form a primary cilium. Conversely, overexpression of CP110 prevents primary cilium assembly in conditions that normally induce ciliogenesis [102] . Interestingly, in non-ciliated cell lines like U2OS or HeLa, inhibition of either CP110 or Cep97 induces the assembly of elongated structures that were originally proposed to be primary cilia as well, but were recently found to correspond to abnormally elongated centrioles [102] [103] [104] . Three recent reports showed that similar structures are assembled following overexpression of CPAP, the human homolog of SAS-4 [85, 103, 104] . These centriole-like structures, which can be up to several microns in length, are formed by excessive elongation of centriole microtubules from both parental centrioles and procentrioles. Ultrastructural analyses revealed that, in spite of their abnormal sizes, elongated centrioles induced by CPAP overexpression or CP110 depletion often resemble genuine centrioles. This is also supported by immunofluorescence data showing that markers of specific subparts of the centriolar structure are properly localized in elongated centrioles. Taken together, these data led the authors of these studies to propose a model in which CPAP and CP110 are required for controlling the length of the centrioles. CPAP would promote elongation, possibly by favoring tubulin incorporation at the plus end of centriole microtubules, whereas CP110 capping activity would limit microtubule growth [85, 103, 104] . Consistent with this hypothesis, CPAP/SAS-4 family members contain a domain that can bind tubulin dimers and induce microtubule depolymerization, which is essential for CPAP to promote centriole elongation [104] [105] [106] . Interestingly, CPAP overexpression induces high rates of centriole elongation in G2 phase and mitosis but not in S-phase-arrested cells [85, 104] , which could reflect differences in the mechanisms underlying centriole elongation in S and G2 or M phases.
More recently, another centriolar component called Ofd1 was found to play a role in controlling the length of mammalian centrioles [107] . Ofd1 is a conserved centriolar protein known to be mutated in different types of ciliopathies [13, 108, 109] . Studies of knockout mice lacking the Ofd1 gene show that Ofd1 is essential for primary cilium formation in the embryonic node and in kidneys [110] . This phenotype is recapitulated in a mouse embryonic stem cell line deficient for Ofd1 [107] . In addition, about one-third of the cells exhibit long centrioles comparable to those observed following depletion of either CP110 or Cep97, or following overexpression of CPAP. In most cases, only the mother centriole is elongated in Ofd1-deficient cells even though in control cells Ofd1 localizes to the distal ends of mother and daughter centrioles, as well as procentrioles. Interestingly, CP110 and Cep97 localization at the distal end of centrioles is unaffected by Ofd1 depletion, suggesting that these proteins act in a separate pathway for centriole length control. However, abnormal elongation of the mother centriole occurs during G2 but not S phase in Ofd1 cells, just as in the context of CP110 depletion and CPAP overexpression [107] .
Finally, centriole elongation could require another conserved family of proteins called POC1 proteins [15, 82] . When human POC1 is overexpressed in U2OS cells arrested in S phase, which is when centriole elongation is normally initiated in these cells, hPOC1-containing filaments reminiscent of those induced by CPAP overexpression are observed [15] . These filaments contain centrin and g-tubulin, suggesting that they may correspond to abnormally elongated centrioles as well, although ultrastructural analyses are still needed to determine how similar they are to bona fide centrioles. A role for POC1 proteins in centriole elongation is also supported by the study of two mutant lines defective for the Drosophila POC1 homolog. In these mutants, spermatid centrioles are shorter than in wild type, suggesting a partial impairment of centriole elongation [82] . In contrast, centriole length is unaffected by POC1 depletion in Tetrahymena [111] : in a Tetrahymena POC1 deletion strain, basal bodies exhibit breaks in microtubule blades and these defects are further enhanced by growing the mutant cells at higher temperature, leading to loss of most of the basal bodies. In addition, basal bodies in poc1D cells are more sensitive to nocodazole, suggesting that Tetrahymena POC1 may play a role in centriole stabilization rather than in length control per se [111] .
Building the Distal End
Besides elongation of the microtubule triplets, centriole elongation involves the assembly of intra-luminal structures in the distal end of centrioles. Little is known about the function and molecular composition of these structures, and they exhibit a remarkable degree of ultrastructural diversity among species. In mammalian cells, the distal lumen of centrioles is filled with a periodic stack of tilted discs (Figure 4) [112, 113] . In Paramecium, the lumen contains a helical structure [16] , whereas in Tetrahymena, another ciliate, a cylindrical electron-dense structure is observed [111] . The lumen of Chlamydomonas basal bodies appears to be filled with fibers connecting the microtubule triplets to each other [114] . Despite this variability in their architecture, intraluminal structures in diverse eukaryotes seem to have common properties. In particular, the distal lumen of centrioles in mammalian cells, in ciliates and in Chlamydomonas all contain centrin proteins [115] [116] [117] [118] . Centrin proteins are calcium-binding proteins related to calmodulin that are found associated with centrioles in most species and are present in the genomes of all species that assemble motile cilia [88, 114, 115, [119] [120] [121] . Their precise role remains elusive, however, possibly because they have several distinct binding partners within centrioles. Human centrin proteins, for instance, bind directly to hPOC5 and to a related centriolar component called hSFI1, and co-immunoprecipitate CP110 [98, 101, 122] .
Centriole Maturation
A centriole is mature when it is able to nucleate a cilium or a flagellum. Vertebrate centrosomes contain only one mature centriole that bears two sets of ninefold symmetrical appendages (Figures 2 and 4) . Only the mother centriole can attach to the plasma membrane and nucleate a primary cilium. In mouse cells defective for the centriolar protein ODF2, these appendages are not assembled, mother centrioles fail to anchor to the plasma membrane, and ciliogenesis is inhibited [123] . The most distal set of appendages is likely to be involved in centriole anchoring. Similar structures, often referred to as transition fibers, decorate the distal end of mature centrioles in most eukaryotic species that assemble cilia (Figure 2) . A protein called Cep164 that specifically localizes to the distal appendages has been identified in human cells. Although it is not known whether Cep164 is essential for the assembly of the distal appendages, ciliogenesis is inhibited in RPE1 cells depleted of Cep164 [124] . Cep164 is found in the genome of most ciliated species, which suggests that distal appendages and transition fibers are probably related at the molecular level [21] . Assembly of the distal appendages was recently shown to depend on Ofd1, as Ofd1-deficient cells lack the distal appendages and show no Cep164 staining. Remarkably, by studying the effects of five disease-associated Ofd1 mutations in Ofd1-deficient cells, Singla and coworkers [107] identify mutations that affect centriole length but not the assembly of the distal appendages, which suggests that these two processes are controlled independently by Ofd1.
In addition to distal appendages, the mother centriole in vertebrate cells is decorated by ninefold symmetrical subdistal appendages. Sub-distal appendages are thought to play a role in microtubule anchoring [125] and, as with distal appendages, their assembly requires the ODF2 protein [123] .
Centriole maturation is coupled to cell-cycle progression. In vertebrate cells, the full maturation of centrioles takes 1.5 cell cycles (Figure 4) . A centriole formed during the previous cell cycle remains immature until mitosis, when the two sets of appendages are assembled at its distal end [20] . In cells arrested in S phase for prolonged periods, the daughter centrioles never acquire the appendages, suggesting that the transition through G2 or mitosis is essential for centriole maturation [126] . The maturation of centrioles in vertebrate cells may be regulated so that each cell has only one mature centriole at a time, a condition that seems crucial for the proper development of certain organs [35] . In contrast, biflagellate cells, like Chlamydomonas, possess two mature, appendage-bearing centrioles per cell. Intriguingly, the study of d-tubulin-deficient cells suggests that the two mature centrioles are not strictly equivalent. In these cells, the maturation of centrioles is slower, and many cells carry only one flagellum, which is nucleated by the older centriole [1] . In some algae, centrioles undergo a series of functional transitions at each generation, going through as many as three different states such that daughter, mother, and grandmother centrioles nucleate flagella with different structures and motile activities [127] . These studies indicate that centrioles can count up to at least three generations, but the mechanisms by which this occurs are completely unknown. In vertebrate cells, some proteins, including centrin and hPOC5, are seen to associate with daughter centrioles in increasing amounts as the cell cycle progresses. In addition, the centriolar pools of centrin and hPOC5 are highly phosphorylated [98, 128] . Such modifications in centriole composition may be part of the maturation process.
Conclusions
During the past decade, there has been great progress in our understanding of the biology of centrioles, yet we have only scratched the surface. The identification of major molecular players, such as SAS-6, SAS-4/CPAP, Bld10p/Cep135 and Plk4/SAK, the master regulator of centriole duplication [38, 49] , has allowed us to gain a much clearer picture of the initial steps of centriole assembly and how these steps are regulated, as well as the molecular bases of the ninefold symmetry. With this understanding of the upstream cues for assembly, as well the growing laundry list of centriole component proteins, we are now poised to begin to understand how centrioles are actually built, at a mechanistic level.
